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Spontaneous NaCl-doped ices |, I, Ill, V and VI.
Understanding the mechanism of ion inclusion
and its dependence on the crystalline structure

*3 M. Rovere® and P. Gallo (2 *°

Direct coexistence simulations on a microsecond time scale have been performed for different types of

ice (I, I, I, V, and VI) in contact with a NaCl aqueous solution at different pressures. In line with the
previous results obtained for ice I, [Conde et al., Phys. Chem. Chem. Phys., 2017, 19, 9566-9574], our
results reveal the spontaneous growth of a new ice doped phase and the formation of a brine rejection

Received 11th June 2021,
Accepted 15th August 2021

DOI: 10.1039/d1cp02638k

phase in all ices studied. However, both the preferential incorporation of ions into the ice lattice and the
inclusion mechanisms depend on the crystalline structure of each ice. This work shows the inclusion of
Cl™ and Na* ions in ice from salt using molecular dynamics simulation, in agreement with the experi-

mental evidence found in the literature. The model used for water is TIP4P/2005. For NaCl we employ a

rsc.li/pccp

1 Introduction

Since the discovery in recent years of icy satellites and the
existence of salty oceans in the interior of this type of celestial
bodies'™ the study of the water-salt system is receiving much
attention, with the special focus on the doping processes of the
ice structures. These ice-doping processes are the main argu-
ment to explain the different electrical properties found in
these icy bodies. Ice-doping events are not only interesting on
a planetary level, there are also other processes related to
climate change®” and desalination processes®'® where ice
doping plays an important role.

The presence of a small amount of ion dopants in the solid
structure of ice is already sufficient to modify its electrical
properties. In particular, different experimental studies
reveal how the inclusion of ions in the ice lattice modifies
the dielectric properties of ice by increasing its static
conductivity."* The inclusion of ion dopants causes the appear-
ance of Bjerrum defects.> Depending on the type of ion, its
inclusion in the solid structure can cause an increase or
decrease in conductivity. Due to the enormous interest in
nature for its abundance and properties, we will focus our
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set of potential parameters that uses unit charges for the ions.

study on the ions that come from NaCl salt. The presence of C1™
ions incorporated into the ice structure provokes the creation of
Bjerrum L defects favoring an increase in conductivity.'**?

In the 1960s, Gross et al.’**® performed numerous experi-
mental studies explaining the role of ionic impurities found in
ice on the electrical properties of ice. In 1965 Jaccard'
explained the mechanism of the electrical conductivity of ice
through the creation of Bjerrum defects. Other authors con-
tinued to investigate these ice doping processes, such as Young
and Salomon'” studying ice doped with HCI and later Kelly and
Salomon'® evaluating the dielectric behaviour of ice doped with
different NaOH concentrations. Moreover, Seidensticker and
Longini'® analyzed the impurity effects on ice in presence of
hydrogen fluoride and ammonia. However, it was not until the
last few years that interest in these processes had reawakened.
Bove and co-workers®®?! presented several studies on salty ice
VII under pressure and recently Rozsa and Galli®* have reported
first-principles molecular dynamics simulations of different
ions (Li', K", Na" and Cl7) in liquid water at extreme conditions
(11 GPa, 1000 K).

Nevertheless, the details of the inclusion mechanisms of the
different ions doping the ice structure have not been fully
explored. In 2017, we carried out a detailed study using
molecular dynamics simulations on the inclusion mechanism
of a NaCl-doped ice.>* At seawater conditions, we observed the
brine rejection phenomenon and the spontaneous growth of an
ice slab doped by CI~ and Na' ions. We found that Cl~ ions
substitutes not one but two water molecules in the lattice and
that Na* ions occupy interstitial sites.
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In view of these findings and considering that when the
pressure increases other stable phases of ice can appear, we
proceeded here one step further in understanding doping
processes and the mechanisms of ion inclusion. In the present
work we study the role of pressure and the different crystalline
structures of ice on doping processes for systems formed by a
slab of ice and an aqueous solution of NaCl. We focus on
studying ices I, III, V and VI. Likewise, we again analyze the
doping process for ice I, from an aqueous solution at a
concentration above seawater conditions to evaluate the impact
of the salt concentration in the aqueous solution on the ice
doping.

The paper is structured as follows. In Section 2 we describe
the methodology that we used in our simulations. In Section 3
we present the results obtained for each of the ice studied. We
perform an exhaustive study for each ice analyzing different
factors such as spontaneous doping, the preferential occupa-
tion of ions in the solid lattice and the inclusion mechanisms,
among others. Finally, Section 4 summarizes the main conclu-
sions obtained.

2 Methodology

In our previous work®® we studied the dynamics and evolution
of the ice-doping process produced when a slab of ice I, is in
contact with an aqueous solution of NaCl at different degrees of
subcooling and at temperatures above the eutectic formation
temperature. We observed the spontaneous NaCl-doped ice at
seawater conditions when the ice phase exposed to the inter-
face was the common ice phase I;,.

The interest in ice-doping processes extends not only to the
ice phase I}, but also to other ice phases stable at high pressures
that are postulated as the phases that may exist in planetary
conditions, such as ice bodies with salty oceans. Thus, in this
work we will study the process of doping ice for the ice I, at
higher concentrations than seawater conditions, for the meta-
stable phase I. at the same pressure and temperature condi-
tions as ice I, and for the stable ice phases at high pressures III,
V and VI.

For our study, we will consider the equilibrium temperature
for each ice phase obtained by simulation from the works of
Conde et al.>*** and Zaragoza et al.>® using the TIP4P/2005
water model. This model correctly describes many of the
properties of water, including a qualitative description of the
phase diagram. In agreement with the experimental diagram,
the model predicts the ice phase I, as the stable phase at
atmospheric pressure and the I. phase as a metastable phase
under the same conditions. The ices III, V and VI occupy a
region of stability within the phase diagram at increasingly
higher pressures, respectively. Currently, TIP4P/2005 is consid-
ered one of the best models of potential for water in the
literature. The Table 1 collects the melting temperatures of
each pure ice in the region of the diagram where these phases
are stable.
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Table1 Melting temperatures as obtained from direct coexistence simu-
lations by Conde et al.>*?> for the ices I, Ill, V and VI, and by Zaragoza
et al.%® for the ice I, at different equilibrium pressures studied using the
TIP4P/2005 water model. In parentheses the error bar is given

Ice I, I I v VI
p (bar) 1 1 3500 7000 12000
T (K) 249(3) 249(3) 240(4) 241(3) 267(3)

Regardless of the ice phase studied, we followed the same
methodology to generate the initial configuration as in the
previous work.?® A slab of ice is in contact with a solution of
NacCl. For the ice I, we exposed the secondary prismatic plane
(1210) at the interface because it is the plane with the fastest
dynamics.?””*® For the rest of the ices we chose plane (100)
because to our knowledge there are no studies about the growth
rate. The number of molecules in the ice slab depends on the
size of the unit cell of each phase and we replicate the unit cell
until we obtain a solid phase around 2000 molecules. Finite
size effects can be considered negligible for this system size.*’
For the ices I, I. and VI with full proton disordered and for the
ices III and V with partial proton disordered, we used the
algorithm of Buch et al.*® to generate a starting configuration
that satisfies the Bernal-Fowler rules with a dipolar moment
close to zero.*! The initial solid configurations were equili-
brated for about 50 ns at the equilibrium pressure for each ice
allowing the three different sides of the simulation box to
fluctuate independently to avoid stress in the solid lattice. Once
all the ices are in equilibrium, each solid phase is replicated
four times in the direction x and it is completely melted to
generate a fluid phase with the same box dimensions on the
sides y and z, allowing its subsequent assembly. In the next
step, the C1~ and Na' ions necessary to have a NaCl solution in
the fluid phase are incorporated. We choose in all cases a
concentration of 1 M. The number of ion pairs varies for each
system depending on the number of water molecules in the
fluid phase as well as the pressure selected. Once the ions are
introduced, we performed a Np,T simulation about 50 ns to
equilibrate the NaCl(aq) phase. The Table 2 shows the number
of initial molecules for each system at the beginning of the
simulations. The last step consists of the assembly of both
phases and a final short equilibration run (20 ps) to have
equilibrium at the interface before starting the brine rejection
simulations. All systems are formed by a slab of ice which acts
as a seed crystal in contact with a liquid water phase containing

Table 2 Number of molecules for the phase of ice and the NaCl aqueous
solution for the different systems studied in this work at the beginning of
the simulations. For each system the concentration of the solution is given
in terms of molarity, M (mol L™ and molality, m (mol kg™)

solution solution
M

SyStem Nice ‘water NaCl m

I,/NaCl(aq) 2000 8000 146 1.0 1.0
I./NaCl(aq) 2016 8064 147 1.0 1.0
II/NaCl(aq) 2592 10368 171 1.0 0.9
V/NaCl(aq) 2100 8400 130 1.0 0.9
VI/NaCl(aq) 2160 8640 126 1.0 0.8
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Fig. 1 Snapshots of the initial configurations for the systems formed by a slab of ice and a NaCl aqueous solution. In order from top to bottom: ices Iy,
I, lIl, V and VI. Water molecules are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres. The size of the ions
is enlarged with respect to the water molecules for a clearer visualization.
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Na' and Cl~ ions in solution with an initial salt concentration
of 1 M.

The main difference of each system, in addition to the
number of water molecules and ions that form it, it is the
shape of the simulation box. The geometry of the simulation
box is determined by the crystalline structure of the ice. Thus,
for ice I}, the simulation box is orthorhombic (note that for ice
I, with hexagonal symmetry it is possible to use an orthorhom-
bic cell'). For the other ices, we use a simulation box with
geometry cubic for ice I, tetragonal for ice III, monoclinic for
ice V and for ice VI a box of tetragonal symmetry. The NaCl
aqueous solution adapts to the shape of the box for each ice.

We use samples with a very large size to reduce significantly
the stochastic nature of the direct coexistence simulations.>® In
addition, a large fluid phase size (more than 8000 molecules for
all systems) gives us the possibility, in the case of spontaneous
doping, to obtain a greater number of ions in the solid lattice
and thus a better statistics of the results. The idea is to put a
small solid seed and grow it as much as possible. In Fig. 1 all
the initial configurations used in this work for the different
systems studied are shown.

Recently, we observed for the ice I;, phase that the concen-
tration of dopants in ice increased as the degree of subcooling
is higher.>® Moreover, we observed that at temperatures close to
the melting point of the ice, the Na" ions did not incorporate
into the crystalline lattice of the ice and remained in the
solution. It was necessary to lower the temperature to observe
the inclusion of Na* ions in the solid lattice. For Cl~ ions, even
at temperatures close to the melting point, the ice doped by this
ion was observed. Following these results, in the present work
we choose the system temperature of 20 K below the melting
point because that was the temperature that gave us a number
of ion inclusions similar to the experimental values in our
previous study of ice I;, and for this study we kept the same
temperature also for the other ices. According to the water-
NaCl phase diagram, the range of temperatures where it is
possible to study the equilibrium between ice and solution
must be below the melting point of ice and above the eutectic
point. The pressure chosen for each system was the pressure at
which Conde and co-workers determined the melting point of
each pure ice by direct coexistence.**® Table 3 shows the
initial conditions of pressure and temperature for each system
studied. The degree of subcooling chosen in all cases was
AT = —20 K, where AT is the difference between the tempera-
ture of the system and the melting temperature of each ice.

Table 3 Initial conditions of pressure and temperature for the different
systems studied in this work. AT is the difference between the temperature
of the system (T) and the melting temperature (T,,) for each ice phase
studied and the water model selected

System p (bar) T (K) AT (K)
In/NaCl(aq) 1 229 —20
I./NaCl(aq) 1 229 —20
111/NacCl(aq) 3500 220 —20
V/NaCl(aq) 7000 221 —20
VI/NaCl(aq) 12000 247 —20
22900 | Phys. Chem. Chem. Phys., 2021, 23, 22897-22911
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Table 4 Potential parameters of TIP4P/2005 water model*’” and NaCl
model.*® The parameters Cg and Cj, are given in kJ mol™ nm® and
kJ mol™* nm?2, respectively. The value of the charge, g, is expressed in e units

Site Ce Cyy q

o) 0.30798 x 10?2 0.30601 x 10° —

H — — +0.5564
M — — —1.1128
Na* — 0.83200 x 10~/ +1

cl- — 0.52000 x 10* -1
Na*-0 0.08000 x 10?2 2.09430 x 107 —
cl™-o 0.15000 x 1072 1.64480 x 107° -

For all direct coexistence simulations of the present work,
we employ the Np,T ensemble.”®?* In this ensemble, the
pressure is applied in the direction perpendicular to the inter-
face (for all systems studied corresponds to the x-axis). To
perform all simulations, we use the molecular dynamics pack-
age GROMACS (version 4.5.5).** Periodic boundary conditions
were employed in the three directions of space. Nosé-Hoover
thermostat®*>> with a relaxation time of 2 ps was used to fix the
temperature. Parrinello-Rahman barostat®® was used to keep
the pressure constant with a relaxation time of 2 ps. The time-
step used in the direct coexistence simulations was 2 fs. The
length of each direct coexistence simulation was on the micro-
second scale depending on the type of system, going from
3 microseconds for ices I}, and I, to 5 microseconds for ices III,
V and VL.

As it was previously mentioned, we used the well-known
rigid and nonpolarizable TIP4P/2005 potential®” to describe the
interactions of water molecules in our systems ice/NaCl(aq). In
line with our previous work® and in order to be able to
compare the results on spontaneous doping and quantity of
doping ions, we used the parameters proposed by Vega and co-
workers®*® for the ion-water and ion-ion interactions, which
reproduce the solubility of NaCl in water in very good agree-
ment with the experimental one. The potential parameters of
TIP4P/2005 water and NaCl models are given in Table 4. There
are other more recent potential models with scaled charges
in the literature,’>*® we use this potential with unit charges for
the ions to compare with our previous results. The geometry of
the water molecules was enforced using constraints. The real
part of the Coulombic potential and the Lennard-Jones part of
the potential were truncated both at 8.5 A. Ewald sums were
used to deal with electrostatics interactions.”' The width of the
mesh was 1 A and we used a fourth-order polynomial.

3 Results

We start analyzing the results of the simulations performed by
direct coexistence for the five systems studied containing ice I,
I, I, V and VI as solid phase at AT = —20 K and the pressure
selected in each system. The evolution of the potential energy
as a function of time for each system along the simulation is
shown in Fig. 2. For all systems studied at the same degree of
subcooling, we observe a decrease in the potential energy
indicating the growth of an ice slab. In all cases, long time

This journal is © the Owner Societies 2021
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Fig. 2 Evolution of the potential energy as a function of time (on the
microsecond time scale) obtained at AT = —20 K for the systems ice/

NaCl(ag) studied in this work. AT is the difference between the melting
temperature for each ice (T,,) using the TIP4P/2005 water model and the
temperature of system studied (7). The pressure to which the direct
coexistence simulations have been performed for each ice system is
indicated in parentheses.

simulations on a microsecond scale were necessary to carry out
the growth of the solid phase.

The evolution of potential energy allows us to understand
the growth velocity of the ice phase. Thus, in view of the results,
we observe how the growth rate is different depending on each
ice. For example, for the ice I, and I. we see how the energy
decreases until reaching a final plateau indicating that the
system has reached the state of equilibrium. Initially, a very fast
decrease in potential energy is observed for these ices until
gradually reaching the plateau. Considering our previous
work,® if we compare the evolution of the energy for the system
of ice I, starting from two different initial concentrations for
the NaCl solution (0.599 M in the previous work and 1 M in this
work) it is observed that the growth rate is similar. Analogously,
ice VI first presents a rapid fall and then its evolution is slow
until it reaches the plateau. For ices III and V the fall in
potential energy occurs more slowly and after simulating
5 microseconds, the final state of equilibrium is not reached.
However, the portion of ice grown is sufficient for our study
about ice-doping.

These results follow the trend of the growth rates obtained
by Conde et al.>* for simulations of direct coexistence of pure
ices in the absence of salt. Conde et al.>* revealed how the
growth rates of ice III and V are slightly higher than those of ice
I. A possible explanation for these differences in growth rates
is due to the fact that ices III, V and VI present a much more
complex structure than ice Ij. In the ice I, all the water
molecules are connected in a tetrahedral lattice and all the
molecules are topologically equivalent. This is not the case for
ices with more complex structures where not all molecules are
topologically equivalent.'* The growth of ice from pure liquid
water is much faster than from a NaCl solution and this leds
an increase of the simulation time by an order of magnitude.

This journal is © the Owner Societies 2021
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For the pure water system, a noticeable growth of the ice phase
could be observed in around 20 ns even for more complex ice
phases such as ice III or ice V.** Instead, from a NaCl solution,
the simulation time necessary to observe that same ice growth
rises to the scale of microseconds, so almost two orders of
magnitude longer.

Fig. 3 shows the final snapshots for the systems studied.
Each instantaneous configuration was taken at 3 microseconds
for the systems formed by ice I}, and I, and 5 microseconds for
the systems formed by ices III, V and VI. This time difference is
due to the different growth rate mentioned above. As it can be
seen in Fig. 3, the shape of the simulation box for the ice-
solution systems is different depending on the symmetry of
each ice. For ice I;, and I. a frontal view of the XY plane is
shown. For ice III and V the XZ projection is the front view. The
different choice in the projection of the plane only addresses
visualization issues about the type of simulation box shown, as
in the case of the monoclinic box of the ice V, or a clearer
visualization of the crystalline structures as the pentagonal
rings of the ice III. These final snapshots show not only the
growth of ice, as confirmed by the evolution of the potential
energy, but also the spontaneous doping of Cl~ and Na' ions
produced in all the ice phases studied besides the brine
rejections.

In the ESIT of this work, the trajectory movies of each system
are included. In these movies, the growth of ice and sponta-
neous doping of ions in the solid lattice are clearly observed.
Already from a visual inspection we can see that the sponta-
neous doping of Na'" and Cl~ ions, previously observed for
direct coexistence molecular dynamics simulations of ice I, is
obtained for all the ices investigated, not withstanding the
more complex structures that they have. In fact, while in a
previous work>* there was evidence that it was possible to grow
pure ice by direct coexistence of complex ice phases such as ices
III, V and VI, spontaneous doping is much more complex and
here we show it for the first time in a study by molecular
dynamics simulations. Similarly to what we observed for ice Ij,
at seawater conditions,”® the portion of doped ice for all
systems corresponds to the new ice-grown phase, while the
initial solid seed is pure ice. Notice that for the configuration of
the Fig. 3 of the system formed by ice VI there are no ions
incorporated in the initial ice slab. The Na" ion observed in the
Fig. 3 (bottom) to the left of the final configuration of ice VI
corresponds to the new grown ice slab because the box has
shifted. Likewise, a repetition pattern has not been found in the
distribution of the ions along the solid lattice. The ions appear
randomly located in the new slab of doped ice. We observed the
doped ices during all the duration of the simulations, and they
all look perfectly stable. The Cl™ ions remain always in the
same position while Na' ions move a bit locally both when they
are interstitial and when they are substitutional and it can be
seen in the movies. The ice around the ions is unaltered.

For ice I, the number of Cl™ ions that are incorporated into
ice is greater than Na' ions. This preferential doping is in
agreement with the results obtained previously for a system
with different starting concentrations® and in agreement with

Phys. Chem. Chem. Phys., 2021, 23, 22897-22911 | 22901
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Fig. 3 Snapshots of the final configurations obtained by direct coexistence simulations for the systems formed by a slab of ice and a NaCl aqueous
solution at the temperature studied (AT = —20 K) and at different pressures depending on the ice phase (see Table 3). In order from top to bottom: ice I,
I, I, V-and VI. The time at which these instantaneous configurations were taken is 3 pus for the ices I, and I, and 5 ps for the systems formed by ice lll, V
and VI. Water molecules are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres. The size of the ions is
enlarged with respect to the water molecules for a clearer visualization.
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Table 5 Number of water molecules obtained by direct coexistence in
the grown ice phase (nZS"") and the brine phase (n2i) at the tempera-
ture studied (AT = —20 K). nci- and ny,+ are the number of dopant ions

present in each of the new phases
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Table 6 Dopant concentration (Cl~ and Na* ions) in the new doped ice
phase and the resulting brine phase at the temperature studied (AT = —20 K)
for each system (ice/solution) considered in this work. Concentrations are
given in mol kg~*

Ice nga™ ns. ne. pbrine ngiine ndrine - Iee miss mise mpiine mbrine
In 5263 15 5 2737 131 141 In 0.16 0.05 2.66 2.86
I. 5361 13 4 2703 134 143 I. 0.14 0.04 2.75 2.94
III 6579 24 29 3789 147 142 111 0.20 0.24 2.15 2.08
v 4773 5 25 3627 125 105 \% 0.06 0.29 1.91 1.61
A% 6209 3 14 2431 123 112 VI 0.03 0.12 2.81 2.56

that reported in experimental studies.**** This result indicates
that the preferential incorporation is independent of the start-
ing concentration, for different initial solution concentrations
(0.599 M in the previous work and 1 M in the present work) the
preference is the same, the number of Cl™ ions that is incorpo-
rated into the solid lattice is considerably greater than the
number of Na" ions for the same degree of subcooling (AT =
—20 K). In our previous work for ice I, we demonstrated how it
was necessary to increase the degree of subcooling (above
—15 K) to observe the doping of Na* ions and a subcooling of
—20 K allowed us to obtain concentrations of ionic species
(CI” and Na") in the ice lattice similar to the experimental
values. For this reason, we chose the same degree of subcooling
in the present paper.

Ice I, presents similar results to ice I, in terms of number of
doping ions and preferential incorporation. In both ices, at the
same pressure and degree of subcooling, the number of CI™
ions incorporated in the solid lattice is considerably greater
than the number of Na' ions. In Table 5 the number of dopant
ions present in each of the phases is given. For ice III the
situation begins to change, there is a similar amount of CI~ and
Na' ions into the solid lattice, revealing that for this ice there is
no preference for incorporation of either of the two ions. The
number of CI~ dopants is similar to the number of Na" dopants
as shown in Fig. 3 and in the Table 5. Surprisingly, for ices V
and VI the situation is completely opposite to what one would
expect after the study of ice I;,. Now, the ion that is preferen-
tially incorporated into the ice lattice is Na*. As can be seen in
the Table 5, the number of Cl™ ions that are incorporated into
the portions of ice V and VI is very small. We have seen
therefore that for the ices stable at increasing pressures, the
preference for the incorporation of ions gradually changes from
Cl™ to Na', and then the system points to an almost complete
exclusion of both species upon further increasing the pressure
as for ice VI both concentrations decrease with respect to ice V.
This difference in the preferential incorporation of dopants is
an essential finding that could explain different properties and
pave the way to new applications for these ice phases.***>

In addition to the growth and doping of the ice phase, the
appearance of a brine phase rejected is observed in Fig. 3 for all
the systems studied. The volume of the brine phase depends
on the growth rate of ice. Thus, in the case of ice I, I
and VI the volume occupied by the brine phase is smaller than
in the other systems studied since for ice III and V the final
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equilibrium state has not been reached. In Table 5 the number
of water molecules that form the jet brine phase are also
collected.

The concentration of dopants in the portion of ice grown for
each system is shown in the Table 6. As reflected in the results,
the concentration of dopants is different for each ice. The ices
I, and I. have a greater concentration of C1~ ions in the new ice
slab and, consequently, a greater concentration of Na' ions in
the brine phase. Ice III has very similar concentrations for both
the CI~ and Na' ions. On the contrary, for the ice V and VI the
concentration of Na“ ions is considerably higher in the ice
phase. The concentration of the dopants in the portion of ice,
although it is small, cannot be considered negligible and the
incorporation of these ions in the solid lattice can modify
electrical properties such as static conductivity."*

In view of the results, a question arises: is the preferential
incorporation (and therefore the concentration of dopants) due to
the type of crystalline structure of the ice or to the pressure applied?
Our results show that for systems containing ice I;, and I. and
pressure 1 bar, the Cl™ ion has preference in the ice-doping process.
For ice IIT we simulate the system at 3500 bar and both dopants are
incorporated into the lattice in a similar proportion. For ice V and
VI, at pressures of 7000 bar and 12 000 bar respectively, it is the Na*
ion that is preferentially incorporated into the slab of doped ice. To
solve this issue, we have prepared a similar system to that of ice I, in
contact with a solution of 1 M and we have simulated it at a pressure
of 1000 bar for 1.5 microseconds. In Fig. 4 a final snapshot of this
system is given and it can be seen as even increasing the pressure
the ClI™ is preferentially incorporated into the ice lattice. Thus, the
explanation of the preferential incorporation is due to the type of
crystalline structure and its availability to accommodate ions in its
network. This explanation makes sense since, if the determining
factor were the pressure, the ice VI should present a greater
concentration of dopants, on the contrary, it is the ice V which
has a greater concentration revealing a greater availability to
accommodate ions. Fig. 5 shows the comparison of the potential
energy as a function of time for the same system (a slab of ice I, in
contact with a solution) at the two different pressures studied and at
the same degree of subcooling. Both curves have a very similar
slope, showing that the ice growth and the growth rate are similar
for the same ice regardless of the applied pressure. In view of the
results, we can conclude that the different preferential inclusion is
due exclusively to the different crystalline structures and not to the
pressure applied along the interface.
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Fig. 4 Snapshot of an instantaneous configuration taken at 1.6 us of simulation time and obtained by direct coexistence for the system formed by a slab
of ice |, and a NaCl aqueous solution 1 M at (AT = —20 K) and p = 1000 bar. Water molecules are plotted in red and white color, Cl™ ions are plotted as
green spheres and Na™ ions as blue spheres. The size of the ions is enlarged with respect to the water molecules for a clearer visualization.
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Fig. 5 Comparison of the evolution of the potential energy as a function
of the simulation time for the system ice I,,/NaCl(aq) at different pressures.
In both cases the simulation was performed at AT = —20 K. The pressure to
which the direct coexistence simulations have been performed for each
simulation run is indicated in parentheses.

Once we have verified that it is possible to dope all the ice
phases studied in this work, we are now going to analyze in
detail the mechanism of inclusion of the two ionic species for
each of the systems studied. For clarity and understanding, we
select for each type of ice a small portion of the water molecules
in the pure ice lattice to know exactly how these molecules are
arranged and oriented and compare it with similar portions
where there are CI~ and Na' ions doping the network. These
doped portions are taken from the final configurations and
obtained in the slabs of new grown ices. For the study of pure
ice we take small portions of the ice seed that we put initially
and that is equilibrated at the conditions of pressure and
temperature of the doped part. We note that our equilibrated
configurations do not show the water molecules sitting at the
sites of the perfect lattice. Because of finite temperature, the
lattice sustains in fact thermal modes of vibration and these
cause small misplacements of the molecules in the instanta-
neous configurations of the systems with respect to the equili-
brium positions. In the following discussion, network defects

22904 | Phys. Chem. Chem. Phys., 2021, 23, 22897-22911

included in the pure ice portion have not been considered. Only
the possible defects that the ions can cause by doping the
network are considered.

We now show, for each ice, the same portion selected for the
pure ice, for the ice in the presence of a Cl™ ion and for the ice
in presence of a Na" ion.

The crystal structure of pure ice I, is displayed in the left
panels of Fig. 6 and it shows a particular arrangement of the
molecules characterized by the presence of large hexagonal
channels. The basic structure consists of chair-form hexagonal
rings (horizontal plane) or boat-form hexagonal rings (vertical
plane). The portion of pure ice selected for our study is
composed of 26 water molecules located in two layers of three
hexagonal rings each. A front view of the projection of the xy
plane where the hexagonal channels are clearly observed is
shown in Fig. 6 (top left panel). Likewise, we use the xz-plane
projection to help visualize the ion inclusion mechanisms
(bottom left panel). We continue by analyzing what happens
to the phase of ice I;, when it is doped by Cl™ ions. Already in
our previous work>® on seawater conditions, we found that Cl1~
ions included in the lattice always substitute not one but two
water molecules. In the Fig. 6 it is clearly observed how, in both
planes, the portion of ice that contains the CI~ ion presents
24 water molecules, revealing the loss of 2 water molecules
replaced by a C1™ ion with respect to the portion of pure ice. We
note also that the lattice is not distorted. This result is in
perfect agreement with the results found in the previous study.
The loss of water molecules in the lattice also causes the
creation of a L-type Bjerrum defect. This type of defect, specific
to ice and responsible for the electrical properties of ice,'"'?
basically consists of the creation of a hydrogen bond in the
absence of protons. This is the situation that occurs in the
vicinity of each CI™ ion presents in the solid network where a
hydrogen bond is created between the Cl™ ion and the oxygen
of a neighboring water molecule. The presence of these sub-
stitutional defects in ice favors conduction. The inclusion
mechanism in the case of Na* ion occurs via interstitial sites
instead, as it is evident from the right panels of Fig. 6. We can
see how the Na' ion occupies an interstitial site. The presence
of Na" ions in the solid lattice does not generate the creation of

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1CP02638K

Open Access Article. Published on 17 September 2021. Downloaded on 1/24/2026 8:46:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

Fig. 6 Visualization of the ion inclusion mechanism in the spontaneous doped slab of ice I,,. Top: Frontal view of the xy plane projection of a pure ice Iy,
lattice portion (left), a portion doped by a Cl™ ion (center) and a portion doped by a Na* ion (right). Bottom: Same lattice portions views for the ice I, on
the xz plane projection. All doped lattice portions were obtained from the new growth ice phase in the direct coexistence simulations. Water molecules
are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres.

defects although its presence causes a quite relevant local distortion
of the ice lattice as can be clearly seen in both planes by the
displacement of water molecules when incorporating the Na' ion.

To confirm this local distortion of Na* ions, we show a study
on the positions of the water molecules in the solid network
around their equilibrium positions for 10 ns. The instanta-
neous configurations for the portion of pure ice I, are collected
in Fig. 7. We take every 0.5 ns instantaneous configurations of
the portion of pure ice and observe that although small
displacements of the water molecules are shown, these are
due to movements around the equilibrium position and no
local distortion is observed as in the case of the Na” dopants.

The inclusion of a Cl~ or Na' ion in the ice lattice affects the
orientation of the hydrogens in nearby water molecules as a
function of the charge on the ion. In the presence of the CI™
ion, the nearby water molecules are oriented towards the
negatively charged ion. On the contrary, the hydrogens move
away from the positive charge of the Na* ion. These different
hydrogen orientations of the water molecules depending on the
type of ion accommodated in the ice lattice can be observed in
the projections of the xy plane of Fig. 6.

Ice I. is the metastable phase of ice I;,. It is a proton
disordered phase. In recent years, this cubic polymorph
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(ice I.) has been interpreted not as a pure ice phase but as a
structure with mixed cubic/hexagonal stacking.*®*” However, in
2020, it has been found that pure cubic ice could be produced
from ice XVII without stacking defects.’® Ice I, and I. are
crystalline structures very alike. Both forms have a very similar
density and are open low-density structures. Moreover, both
forms contain similar layers of hexagonal rings, but differ in
the way these layers are connected. Ices I;, and I. present an
ABABAB and an ABCABC stacking sequence of planes, respec-
tively. Fig. 8 shows the visualization of the inclusion mecha-
nism for ice I.. Two different projections in the plane have been
used to improve the visualization and understanding of the
inclusion mechanism. Pure ice I, portion is composed of 28
water molecules. In the second column of the Fig. 8 a similar
portion of ice I. is shown with a C1™ ion doping the lattice. It is
clearly observed in both projections as Cl~ ion replaces two
water molecules. This result is in agreement with the same
mechanism found for doped ice I;,. The portion of ice I. doped
by Cl” ion contains 26 water molecules and 1 Cl™ ion. Since
both structures are very similar, this result does not seem
surprising. However, when the Na' ion dopes the ice lattice,
the mechanism of inclusion changes with respect to that found
for ice I,. As can be seen in the Fig. 8 (right column), the Na*
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Fig. 7 View of different instantaneous configurations taken along a run of 10 ns, at 0.5 ns intervals, for the same lattice portion of ice I,. Vibrational
movements of the water molecules are observed but no distortion of the portion lattice.

ion replaces a water molecule resulting in the loss of a water
molecule with respect to the portion of pure ice I.. Contrary to
ice I, in the ice I. the mechanism of inclusion for the Na" ions
is a substitutional mechanism.

This difference in the mechanism can be explained through
the arrangement of the water molecules in the lattice of ice I,
and ice I, especially in the differences in the numbers of water
molecules in the hydration shells of both ices. Specifically, in
ice I, cavities are formed by twelve molecules while in ice I.
cavities are smaller and are formed by ten molecules."’ As ice I,
has smaller cavities, it means that the Na* ion does not have
space to be located in the interstitials and the substitution by a
water molecule is the most favorable mechanism for its inclu-
sion into the lattice. Moreover, while for ice I;, hexagonal rings
can have both a chair conformation and a boat conformation,
for ice I. 6-membered rings can adopt only chair conformation.
As a consequence of the chair conformation in ice I. there are
no open channels in the direction 111, while in ice I}, they exist
as indicated in ref. 11.

22906 | Phys. Chem. Chem. Phys., 2021, 23, 22897-22911

Ice III is a complex and high-density phase.* It is located in
the intermediate pressure zone of the water phase diagram. It is
a partial proton disordered phase. All water molecules are
hydrogen bonded to four others, two as donor and two as
acceptor. Ice III forms tetragonal crystals. Ice III presents a
complicated arrangement of five-membered rings of hydrogen
bonded molecules with several different bond lengths and
angles. As in the previous cases, we use a portion of pure ice
to compare the positions of the water molecules when the ions
are incorporated into the lattice and thus study the mechanism
of inclusion. For ice III, the pure ice portion selected is made up
of 28 water molecules. The five-membered rings of ice III are
clearly visible in the frontal view of the xy plane projection of
the Fig. 9. When the ice portion is doped by a C1™ ion there is a
water molecule missing. It is the only one of the ices studied in
this work where the Cl™ ion replaces one water molecule and
not two water molecules. All the CI™ ions found for this ice III
(see Table 5) follow the same mechanism of substitution
of a single water molecule. A possible explanation of these
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Fig. 8 Visualization of the ion inclusion mechanism in the spontaneous doped slab of ice I.. Top: Frontal view of the xy plane projection of a pure ice I,
lattice portion (left), a portion doped by a Cl™ ion (center) and a portion doped by a Na™ ion (right). Bottom: Same lattice portions views for the ice |. on
the z plane projection. All doped lattice portions were obtained from the new growth ice phase in the direct coexistence simulations. Water molecules
are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres.

differences is due to the arrangement of water molecules in ice
and how their different connectivity favors the substitution of
one or two water molecules by Cl™ ion. In the case of ice III with
5-membered water molecule rings, and in view of the results
obtained, the substitution mechanism of a water molecule is
more energetically favorable than the substitution of two water
molecules. On the contrary, Na* ion occupies an interstitial site
and its presence causes a local distortion of the ice lattice
similar to the distortion observed in ice I;, by the presence of
Na' ions. In this portion of ice III doped by the Na* ion, the
same number of 28 water molecules is maintained as in the
portion of pure ice.

Ice V is a very complex structure with a monoclinic unit
cell.” It is a partially proton disordered phase. Ice V has several
types of topologically non-equivalent water molecules. It con-
tains four-, five-, six- and eight-membered rings of water
molecules. All molecules form one connected lattice. For the
portion of pure ice V we select 18 water molecules. Fig. 10
shows the frontal views of the xy and xz planes for the portions
of pure ice V and for the portions of Cl—- and Na'-doped ice.
From the portion of ice V doped by Cl -ion it is clearly observed
how the inclusion of an ion in the lattice causes the substitu-
tion of two water molecules. The number of molecules in the
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portion of doped ice by Cl -ion is 16 water molecules and 1 Cl"-
ion. Again, we observe a mechanism of substitution of two
water molecules in a solid structure of water. This mechanism
was observed in all Cl™-ions that doped the ice phase V studied
in this work. Analogously to ice I, and III, Na* ions are located
in the interstitial sites resulting in a portion formed by 18 water
molecules and 1 Na* ion. The Na" ion does not appear to cause
a local distortion as in the case of ice I, and III. All portions of
ice V (pure and doped) can be seen in Fig. 10.

Ice VI is a full proton disordered phase with tetragonal
symmetry.”> Compared to ice III and ice V, ice VI occupies a
large area on the water phase diagram in the high pressure
region. Ice VI contains four-member rings of water molecules.
The tetragonal unit cell of ice VI is formed by two independent
but interpenetrating hydrogen bonded networks. These are two
completely separated interpenetrating networks with no con-
necting hydrogen bond. Besides, in ice VI, not all molecules are
topologically equivalent while all the molecules are topologi-
cally equivalent in ice I;,. In each sub-lattice, the structure of ice
VI is made up of chains of water molecules linked by hydrogen
bonding. The portions of ice VI used to elucidate the mecha-
nism of inclusion of CI~ and Na" ions are shown in the Fig. 11.
For the portions of ice VI, in the frontal view of the projection of
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Fig. 9 Visualization of the ion inclusion mechanism in the spontaneous doped slab of ice lll. Top: Frontal view of the xy plane projection of a pure ice Il
lattice portion (left), a portion doped by a Cl™ ion (center) and a portion doped by a Na* ion (right). Bottom: Same lattice portions views for the ice Ill on
the xz plane projection. All doped lattice portions were obtained from the new growth ice phase in the direct coexistence simulations. Water molecules
are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres.

the xy plane, it can be clearly seen the 4-membered ring of
water molecules from one of the sub-lattices surrounded by
water molecules belonging to the other sub-lattice. In the xz
projection the chains of water molecules linked by hydrogen
bonds are observed. The portion of pure ice VI selected is
composed of 21 water molecules. As can be seen in the central
panel of the Fig. 11, when a Cl~ ion dopes the structure of
ice VI, the portion becomes formed by 19 water molecules
resulting in the loss of 2 water molecules. As in previous cases
for most of the ices studied except for ice III, the mechanism of
inclusion of Cl™ ion is through the substitution of two water
molecules. As it expected, the substitution of molecules occurs
in one of the sub-lattice that form the structure of ice VL. It is
not possible to find a CI™ ion that connects both sub-lattices,
the two missing molecules belong to the same sub-lattice,
either one or the other. The presence of the Cl™ ion provokes
that the hydrogens of the nearby water molecules are oriented
toward the ion. For the inclusion of Na* ions, the mechanism is
similar to that found for most ices. Na* ions are incorporated
into the solid structure through the interstitial sites causing a
slight distortion of the water molecules neighboring the Na*
ion. In the right panel of the Fig. 11, it can be seen how, due to
the presence of the Na" ion in the ice VI, the hydrogens of the

22908 | Phys. Chem. Chem. Phys., 2021, 23, 22897-22911

water molecules close to the Na" ion are oriented away from the
positive charge of the ion. This phenomenon about the differ-
ent hydrogen orientations due to the presence of ClI~ or Na*
ions in the vicinity are found in all ices studied.

Finally, it is important to note that for all the systems studied,
dopant ions are obviously located only in the new slab of grown ice
and not in the initial ice used as seed crystal. Since for all the ices
the Cl™ ions that doped the solid lattice substitute water molecules
it is clear that they will remain in their positions in the lattice and
will not be exchanged or diffused. As for Na' ions located in the
interstitial sites, in our previous work we observed small displace-
ments of the Na' through the lattice. But since the population of
Na' ions was very small we could not study this matter in detail. We
assume that over time these Na' ions will diffuse through the lattice.
However our statistics did not allow us to inquiry on the problem of
diffusion. In Table 7 a summary of the inclusion mechanisms of
each one of the ices studied in this work is shown.

4 Conclusions

In this work we have studied the spontaneous NaCl-doped for
different types of ice. We have performed computer simulations
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Fig. 10 Visualization of the ion inclusion mechanism in the spontaneous doped slab of ice V. Top: Frontal view of the xy plane projection of a pure ice V
lattice portion (left), a portion doped by a Cl™ ion (center) and a portion doped by a Na™ ion (right). Bottom: Same lattice portions views for the ice V on
the xz plane projection. All doped lattice portions were obtained from the new growth ice phase in the direct coexistence simulations. Water molecules
are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres.

using the direct coexistence technique to analyze the mecha-
nisms of ion inclusion. Additionally, our results show the
growth of a new ice-doped phase from NaCl aqueous solution
in contact with a solid phase of the different types of ice studied
(ice Ip, I, III, V and VI). The model used for water is TIP4P/
2005.>” For NaCl we have considered a set of potential para-
meters that use unit charges for the ions.*® The main conclu-
sions of this work are as follows:

e For the first time by molecular dynamic simulations, the
spontaneous doping by C1~ and Na' ions of all the ices studied
is observed. This finding is very significant to explain the
behavior of ice in the presence of ionic species as it occurs in
planetary conditions.

e Long time simulations on a microsecond time scale are
required to produce a slab of doped ice large enough to have a
significant number of CI~ and Na' ions doping the newly
grown ice.

e In line with the previous results obtained for ice I, we also
observed the formation of a brine rejection phase in all the ices
studied. The growth rate of the ice phase from aqueous solu-
tions is different depending on each ice and slower than the
pure phase, following the trend of the growth rates of the pure
ices in the absence of salt. The potential energy curves reveal

This journal is © the Owner Societies 2021

that the time to reach the final state of equilibrium for the
systems formed by ice I, and I. are considerably shorter than in
the rest of the ices where the final state of equilibrium was not
reached after 5 microseconds.

e The preferential incorporation of dopants depends exclu-
sively on the crystal ice phase. The pressure applied to the
system and the initial salt concentration do not appear to
influence the preferential incorporation found for each type
of ice.

e It is not possible to speak of a universal inclusion mecha-
nism for the ices doped. Most of the ices studied present a
different inclusion mechanism that depends on their crystal-
line structures.

e For all the ice networks studied, the inclusion of CI™ ions
follows a mechanism of substitution of water molecules caus-
ing the appearance of L defects. The number of substituted
water molecules depends on the type of ice studied. For most of
the ices studied, each ClI™ ion incorporated in the network
replaces two water molecules. Only for the system formed by
ice III the inclusion of Cl™ ions produces the substitution of a
single water molecule. This difference can be explained in
terms of the arrangement of the water molecules in the ice
crystal lattice. For all the systems studied, we did not observe
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Fig. 11 Visualization of the ion inclusion mechanism in the spontaneous doped slab of ice VI. Top: Frontal view of the xy plane projection of a pure ice VI
lattice portion (left), a portion doped by a Cl™ ion (center) and a portion doped by a Na* ion (right). Bottom: Same lattice portions views for the ice VI on
the xz plane projection. All doped lattice portions were obtained from the new growth ice phase in the direct coexistence simulations. Water molecules
are plotted in red and white color, Cl™ ions are plotted as green spheres and Na* ions as blue spheres.

Table 7 Summary of the inclusion mechanisms of each one of the ices
studied in this work. The last column collects the number of water
molecules substituted when the Cl™ and Na* ions dope the ice lattice

Ice Ton: inclusion mechanism H,O0 subs.
I Cl: substitutional 2
Na': interstitial —
I, Cl: substitutional 2
Na': substitutional 1
111 Cl ™ : substitutional 1
Na': interstitial —
A% Cl: substitutional 2
Na': interstitial —
VI Cl: substitutional 2
Na': interstitial —

the distortion of the network due to the incorporation of
Cl™ ions.

e In general, Na' ions follow an inclusion mechanism
through interstitial sites. Ice I, is an exception for the mecha-
nism of Na* ions, in this case, a mechanism of substitution of a
single water molecule is found. The presence of Na* ions in the
solid lattice does not provoke the creation of network defects,
although its presence causes a quite relevant local distortion
of the ice lattice except for ice I. where it goes substitutional.

22910 | Phys. Chem. Chem. Phys., 2021, 23, 22897-22911

The hydrogens of the water molecules close to the Na' ion
localized at the interstitial sites are oriented away from the
positive charge of the ion. On the contrary, hydrogens are
oriented towards the negative charge of Cl™ in the vicinity of
the ion.

In view of the results obtained, it would be interesting to
extend this analysis to other types of dopants to study the
effect of different dopants on the inclusion mechanisms and
the preferential occupation of the ions in the solid ice
network. The temperature of our study can be of relevance
for the study of Jovian Satellites that is in progress.”> When
salty solutions become highly concentrated, and their
dynamics is slow and glassy, ice does not grow any longer.
It would be of interest to see if we can supercool below the
eutectic and still have a glassy brine rejection. Finally, in our
previous paper”® we analyzed the Radial Distribution (RDF)
of pure ice and doped ice and we found no perturbation in
the doped lattice, at least in the RDF, with respect to the
perfect lattice. Nonetheless the number of ions is very low so
that we have a low statistic in the RDF. Thus, in the future we
intend to study the local order in the vicinity of the few ions
incorporated into the ice to investigate possible local defor-
mations of the lattice.
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